The adsorption of bacteria onto soil is affected by the physical and chemical characteristics of the soil and water, the size and morphology of the bacterial cells, and the water-flow characteristics in the soil. The present study focuses on the latter factor by investigating the effect of the interstitial velocity on the adsorption of bacteria onto soil. Columns of 10 cm diameter and 130 cm height, respectively, were packed with a sandy soil. The columns were saturated with water containing nalidixic acid-resistant Escherichia coli as a biotracer at three different pH levels. The columns were maintained at 20°C for 24 h before connecting the column outlet to its inlet by a pump in a closed loop. Water containing the biotracer was re-circulated through the column for another 24 h at three different interstitial velocities.
INTRODUCTION
Many factors have been observed to affect the survival and movement of bacteria in soil. These are mainly related to interactions between soil, water, micro-organisms and the surrounding environment. The effects of soil texture, bulk density, moisture content and soil homogeneity on bacterial movement have been investigated by Abu-Ashour et al. (1998) and van Elsas et al. (1991) . Gannon et al. (1991) studied the effect of bacterial cell properties on their transport through soil while Fontes et al. (1991) studied the effects of the ionic strength of artificial groundwater, cell size and mineral grain size on bacterial transport.
Bacterial movement through soil is affected by geochemical processes such as adsorption, filtration and sedimentation (Abu-Ashour et al. 1994) . These processes may hinder microbial transport through soil. Many researchers have studied bacterial adsorption onto soil and the factors affecting its extent and strength. Temperature, pH and the presence of cations and/or anions in the surrounding medium are examples of such factors. Other factors include the mineral composition and texture of the soil, and the type of bacteria involved (Matthess et al. 1988; Scholl et al. 1990 ).
*Author to whom all correspondence should be addressed. E-mail: jamals@just.edu.jo. Gerba et al. (1975) noted that adsorption is important in the removal of bacteria in soils that contain clay.
Bacteria have an overall negative charge on the surface of their cell walls, primarily because of the presence of peptidoglycan which is rich in carboxy and amino groups. Adsorption occurs despite the fact that both bacteria and soil particles carry negative electrical charges at their surfaces. This is possible when the van der Waals attraction forces exceed the repulsive electrical forces (Marshall 1984) . Given adequate shearing from water flow, this adhesion is reversible. Irreversible binding of bacteria to surfaces can also occur through the cellular production of exopolymers that anchor the cell to the soil particle surface. Thus, some adsorbed bacteria can be removed by shear forces which may simply be caused by the passage of water through the soil at a certain velocity. Abu-Ashour and Lee (2000) have applied a tracer bacterium on two plots with different slopes and monitored its movement downstream after two rainfall events. The tracer bacterium was found to migrate a longer distance downstream of the plot on the steeper slope. They concluded that the velocity of the run-off on the steeper slope might have caused detachment of adsorbed bacteria and carried them by advection further downstream.
More research is needed to understand the nature and strength of the bond between bacteria and soil particles and the factors affecting the extent of this bond. The current study focuses on the effect of the interstitial velocity on the adsorption of bacteria onto soil.
MATERIALS AND METHODS

Micro-organism and culture conditions
The micro-organism used as a tracer in this study was a nalidixic acid-resistant Escherichia coli strain (E. coli NAR). This is a gram-negative rod-shaped bacterium having a size of 1 µm × 2 µm. This strain has been previously used as a biotracer by Abu-Ashour et al. (1998) and Abu-Ashour and Lee (2000) under laboratory and field conditions, respectively. E. coli NAR was grown by adding a loopful of cells from a plate culture to a 125-ml Erlenmeyer flask containing 25 ml Tryptic Soy Broth (TSB, Difco Laboratories, Detroit, MI, USA) followed by incubation at 20 o C for 17-19 h with gyratory shaking at 200 rpm. The cells were harvested by centrifugation at 5000g for 20 min. Cells were washed twice with 0.1 M phosphate buffer (pH 7.5) and re-suspended in 0.1 M phosphate buffer. Samples of this cell suspension were used to inoculate 200 ml of TSB and grown following the same procedure. This inoculum volume was added to 4.8 l of distilled water and shaken vigorously. Before being used to saturate the soil column, the pH of this water was altered by the addition of appropriate quantities of 0.1 M HCl or 0.1 M NaOH. In this way, three different pH values were obtained, viz. 5.5, 7.0 and 8.5.
The survival of the biotracer cells in soil solution was tested at these three different pH values for 3 d. Six 500 ml flasks, each containing 50 g of soil and 190 ml of water, were inoculated with 10 ml of biotracer suspension containing 2.2 × 10 6 colony-forming units (CFU). The contents of the flasks were mixed and maintained for 3 d at 20°C. Samples from the soil solution were collected at 12-h intervals and analyzed to determine the biotracer concentration.
Experimental set-up and procedure
The focus of this research was to study the effect of interstitial velocity on bacterial adsorption by soil using repacked soil columns. A sandy soil was selected to allow a wider range of interstitial velocities. The soil was collected from a site 90 km south of the city of Amman, Jordan. Particle size analysis of this soil showed that it had a mean diameter of 0.3 mm. Samples of this soil (pH value, 7.2) were analyzed and found to contain 82% sand content and 0.6% organic matter content. The particle density of the soil was 2700 kg/m 3 .
A Plexiglas column was constructed and connected to a pump as shown in Figure 1 . The column was 130 cm in length with an inside diameter of 10 cm. The column was packed with soil to a bulk density of 1700 kg/m 3 and a porosity of 37%. The porosity was calculated using equation (1): (1) where φ = porosity (%), ρ d = dry bulk density (kg/m 3 ) and ρ s = soil particle density (kg/m 3 ).
The soil column was gradually saturated from below through valve A by water containing the biotracer at an initial concentration of 2.0 × 10 5 to 2.4 × 10 5 colony-forming units (CFU)/ml at three different pH values. Valves A and B were closed after saturation was completed and the pump and pipe connections were filled with water containing the biotracer. The column was maintained at 20°C for 24 h, this being sufficient time for adsorption of the biotracer to occur. Subsequently, the pump was started to re-circulate the flow of water through the column entering from the top and exiting from the bottom for another 24 h. The flow was controlled by valve C and measured by a flow meter connected as shown in Figure 1 .
Three flow rates, i.e. 1, 2 and 4 l/min, were used in this study. Regardless of the value of the flow rate, the experimental arrangement allowed nearly equal contact time between the soil and the biotracer. Hence, contact time was not a variable in the analysis of the effect of changing flow rates on the biotracer adsorption. The only difference resulting from the alteration in the flow rate was the velocity of passage of the water containing the biotracer in the soil pores. This velocity is known as the interstitial velocity and its value can be calculated via equation (2):
( 2) where V = interstitial velocity (cm/min), Q = flow rate (ml/min) and A = cross-sectional area of the column (cm 2 ). The values of the interstitial velocities corresponding to the above flow rates were 34, 69 and 138 cm/min, respectively. The value of the Reynolds number (Re), computed using equation (3), was used to determine whether the flow was laminar or turbulent. For the above interstitial velocities, the Reynolds number values were 0.63, 1.28 and 2.55, respectively. All these values are less than 10 which means that the flow was laminar in all experiments.
(3) where D = soil particle mean diameter (mm) and ν = kinematic viscosity of water (10 −6 m 2 /s at 20ºC).
The continuous flow of water through the soil column was stopped for 1 min every 4 h and three 2-ml water samples were taken by opening the sampling tap. Valve B was opened to allow the release of the sample and the addition of water to substitute for the sample volume. Subsequently, valve B was closed and the pump was restarted.
The water samples were serially diluted, spread on tryptic soy agar plates, supplemented with 100 µg/ml nalidixic acid (TSA-NA) and incubated at 44 o C for 24 h before being counted for the number of colony-forming units (CFU).
RESULTS AND DISCUSSION
This study investigated the effect of water velocity through soil pores on the adsorption of bacteria onto soil. Water containing the biotracer at three different pH values was re-circulated through soil columns, as described earlier, at three interstitial velocities. Figure 2 shows the biotracer concentrations measured in the water samples obtained at 4-h intervals from the sampling tap for each interstitial velocity at a pH level of 5.5. This concentration was the average of three samples collected every 4 h and expressed relative to the initial concentration. It is a measure of the number of cells that are not adsorbed onto the soil. A higher biotracer concentration indicates less adsorption of cells onto soil particles. It can be seen from the data depicted that more biotracer cells were measured in the water samples as the interstitial velocity was increased from 34 cm/min to 69 cm/min and subsequently to 138 cm/min. Similar representations of the experimental results obtained at pH values of 7.0 and 8.5 are shown in Figures 3 and 4 . They also show that less adsorption occurred as the interstitial velocity was increased.
There is a relationship between the interstitial velocity and the shear forces at the soil particle surface. Such a relationship may be given by Newton's law of viscosity which expresses the shear force per unit area as a product of the dynamic viscosity and the velocity gradient. It may be concluded that less adsorption occurred at the higher interstitial velocity. Consequently, a higher velocity resulted in higher shear forces which reduced the chances of the attachment of cells onto the soil particles. Indeed, the action of these shear forces may lead to detachment of some of the adsorbed cells. These results support the findings of Abu-Ashour and Lee (2000) reported earlier.
Bacterial adsorption onto soil is different from solute adsorption. While less bacterial adsorption occurred at higher interstitial velocity, more solute adsorption may be expected because higher velocities would yield better mixing and thus more adsorption. The different behaviour of bacterial cells is due to the nature and strength of their attachment to soil particles as described earlier above.
A comparison between the relative concentrations measured in columns eluted by water at different pH levels and an interstitial velocity of 34 cm/min is shown in Figure 5 . It shows that such concentrations were lower at a pH of 5.5. The lower concentration is a reflection of the fact that more biotracer cells were retained by the soil. At this interstitial velocity, there were no differences between the relative concentrations at pH levels of 7.0 and 8.5. Similar trends were observed at the higher interstitial velocities, as shown in Figures 6 and 7. In conclusion, the adsorption of the biotracer cells was higher at an acidic pH value while there was no difference when the pH was increased from 7.0 to 8.5.
In order to confirm that the biotracer concentration did not drop due to natural decay during the test period, the biotracer survival in the soil solution was tested. Two flasks containing the biotracer and a soil solution were used for each pH level employed in the column experiments. The results shown in Figure 8 represent the average relative concentration in these two flasks versus time. They indicate that the biotracer sustained its initial concentration for 2 d before it started to decay. Variation in the pH value from 5.5 to 7.0 and subsequently to 8.5 had no effect on biotracer survival in the soil solution.
In conclusion, there is evidence that a higher interstitial velocity reduces the extent of bacterial adsorption onto soil. The technique used in this study to investigate the effect of interstitial velocity on bacterial adsorption was successful. It can also be used to compare the attachment strength of different types of bacteria onto soil. 
